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Genetic resistance to avian pathogenic Escherichia coli (APEC): current status
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ABSTRACT
Infections with avian pathogenic Escherichia coli (APEC) can be extremely detrimental to
poultry health and production. Investigating host genetic variation could identify the
biological mechanisms that control resistance to this pathogen and allow selection for
improved resistance in experimental and commercial poultry populations. In this review, the
current knowledge of how host genetics contributes to APEC resistance and future
opportunities that would benefit the understanding or application of genetic resistance are
discussed. Phenotypes, such as antibody responses, lesion scores, and mortality, revealed
that genetic background impacts APEC resistance and interacts with other factors including
the environment and challenge conditions. Experiments have used divergent selection for
APEC-specific antibody levels to facilitate genetic studies, estimated heritabilities in relevant
traits, detected quantitative trait loci using microsatellites, and made associations with
sequence variation in the major histocompatibility complex, which collectively suggest that
improving APEC resistance through selection is feasible, although genetic control is partial,
complex, and highly polygenic. Additionally, functional genomics techniques have identified
antimicrobial responses, toll-like receptor and cytokine signalling, and the cell cycle as
central pathways in the host response to APEC challenge. Opportunities for future research
are discussed, including the expansion of existing lines of research and the application of
new technologies that are relevant to the study of host genetics and APEC. This review
closes with prospective strategies for improvement of host genetic resistance to APEC.
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Leveraging host genetics to improve disease resistance
can be an effective and sustainable way to address the
disease challenges faced during poultry production.
Understanding how genetic variation in the host
impacts genes and biological pathways and how these
contribute to control of susceptibility to infection
could in turn facilitate predictions of individual disease
risk and allow commercial poultry breeding pro-
grammes to select for increased resistance in their pure
lines and commercial hybrids (Cheng et al., 2013;
Cheng & Lamont, 2020). Genetic resistance could be
beneficial to the control of colibacillosis, which is a com-
mon cause of bird mortality, carcass condemnation at
slaughter, and other economic losses for the industry
(Guabiraba&Schouler, 2015;Nolan et al., 2020).Coliba-
cillosis is an extraintestinal infection with avian patho-
genic Escherichia coli (APEC); these Gram-negative
bacteria typically colonize birds through the respiratory
tract and cause systemic infections with airsacculitis,
perihepatitis, colisepticaemia, and mortality, although
there also are localized presentations of the disease
such as cellulitis, salpingitis/peritonitis, and swollen-
head syndrome (Guabiraba & Schouler, 2015; Nolan
et al., 2020). Along with management practices, the
major methods used to mitigate APEC infections are
antibiotics and vaccination (Nolan et al., 2020). Anti-
biotic use inpoultry is rapidlydecliningdue tonew regu-
lations and concerns over increasing antimicrobial
resistance, and, while vaccines are available and used
by producers, it is not well known if they are broadly
effective against the wide diversity of APEC strains in
commercial conditions (Dziva & Stevens, 2008; Ghu-
naim et al., 2014;Nolan et al., 2020).Host genetic control
of resistance may not be as limited by bacterial serotype
and does not require exogenous agents, making this an
exciting avenue to pursue for improving resistance.
This review summarizes the current understanding of
host genetics and APEC resistance and predicts future
progress that still needs to be made.
Current status
Phenotypic differences
A genetic component to disease resistance is often first
suggested by observed variation in the phenotypic
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responses to pathogen challenge between genetically
distinct populations. These experiments determine
the relative resistance of the populations, but cannot
identify which genetic differences contribute to the
observed phenotypic variation. Early evidence for a
role of host genetics in APEC resistance was provided
by comparisons between APEC-challenged chickens
from experimental lines divergently selected for body
weight (Reddy et al., 1975; Marsteller et al., 1980),
plasma corticosterone (W.B. Gross & Siegel, 1975),
or antibody responses to sheep red blood cells
(SRBC) (Gross et al., 1980).
Over the following four decades, variation in resist-
ance to APEC was identified in inbred lines, outbred
lines, divergent selection lines, commercial hybrids,
and outcrosses. For example, APEC challenge of
White Leghorn layers divergently selected for SRBC-
specific antibody levels confirmed that the high anti-
body line had lower body weight gain, higher lesion
scores, and increased mortality compared to the low
line (Dunnington et al., 1991; Yang et al., 2000).
Within broiler lines divergently selected for digestive
efficiency, mortality and bacterial loads after challenge
were higher in the low efficiency line than the high line
(Calenge et al., 2014). Commercial hybrids from broi-
ler parental stocks also demonstrated that genetic
background significantly impacts lesion scores, anti-
body responses, heterophil/lymphocyte ratios, and
bodyweight changes during APEC infection (Praharaj
et al., 1999; Rama Rao et al., 1999; Praharaj et al.,
2002). Another study used six broiler pure lines and
two F1 crosses, observing line differences up to over
40% in lesion prevalence and mortality and 20% in
inhibition of growth post challenge (Ask, Van Der
Waaij et al., 2006). Interestingly, only the F1 crosses
had significant differences in APEC-specific antibody
responses between APEC-challenged and non-chal-
lenged individuals (Ask, Decuypere et al., 2006).
Line differences in resistance can be dose depen-
dent, as shown by higher bacterial loads, lesion scores,
and mortality in the inbred lines 15I and C.B12 than in
inbred line 72 or outbred brown layers when infected
with a high dose (107 colony forming units (CFU)) but
not low dose (105 CFU) of APEC (Alber et al., 2019).
Similarly, in White Leghorn lines divergently selected
for natural antibody levels, the high antibody line had
lower mortality than the low line only when exposed
to a high dose (108 CFU) and had lower total lesion
scores only at low dose (106 CFU) (Berghof et al.,
2019). The relative resistance of nine inbred lines
ranked differently when challenged intramuscularly
with APEC versus intranasally with APEC and infec-
tious bronchitis virus (IBV) or with IBV alone (Bum-
stead et al., 1989), while the susceptibility of
divergently selected SRBC-specific antibody lines
reversed when there was a pre-existing respiratory
infection with Newcastle disease virus (NDV) and
Mycoplasma gallisepticum (Gross, 1990). Although
both co-infection experiments were confounded with
changes in inoculation route, these studies suggested
that the other pathogens interacted with APEC to
alter relative resistance. Bird age at exposure also influ-
ences APEC-specific antibody responses; White Leg-
horn layers produced more antibodies than two
White Rock broiler populations when vaccinated at
20–36 days-of-age, but one of the broiler lines gener-
ated the highest titres after early or late vaccination
(12 or 44 days-of-age) (Peleg et al., 1985). Another
experiment with three types of crossbreds observed
that age at exposure to APEC affected whether lesion
scores differed between progeny types (Dunnington
et al., 1986). An interaction between host genetics
and feeding protocol (ad libitum versus alternate
days) was demonstrated after APEC challenge of two
broiler breeder lines andWhite Rock xWhite Leghorn
crosses (Boa-Amponsem et al., 1991; Praharaj et al.,
1996). Collectively, these studies illustrate how, as
expected, interactions between genetic background
and different environmental factors influence the phe-
notypic differences in resistance to APEC.
Lines intentionally selected to diverge for APEC
resistance would be an ideal resource for understand-
ing genetic control of this phenotype. However, it is
generally not feasible to pathogen challenge the popu-
lation under selection, and sibling- or progeny-based
methods are equally expensive and intensive to
implement (Lamont et al., 2003). Selection for
immune response without an infectious pathogen is
therefore an attractive approach. In the case of
APEC, early humoral responses were predicted to be
important to the general health of broiler chickens
and were shown to have an inverse relationship with
mortality after APEC vaccination and subsequent
challenge (Leitner et al., 1990, 1992; Lamont et al.,
2003). Divergent selection experiments were per-
formed using a White Rock broiler dam-line as the
base population (Pitcovski et al., 1987; Leitner et al.,
1992). An initial short-term study selected for high
and low antibody responses to vaccination for APEC
and NDV and observed that the low antibody line
had a larger percentage of vaccination non-responders
and greater mortality after APEC challenge than the
high line, as well as decreased egg fertility, hatchabil-
ity, and reduced bodyweight at 7 weeks-of-age (Pit-
covski et al., 1987). A second long-term experiment
based on this broiler population used divergent selec-
tion to generate high and low lines for early antibody
responses to two serotypes of inactivated APEC (O78:
K80 and O2:K1) (Leitner et al., 1992). The resulting
high antibody lines had half the mortality of the low
lines when vaccinated chicks were challenged with
live APEC; the high lines were also able to develop cir-
culating antibodies at an earlier age of vaccination and
had better egg hatchability than the low lines. Later
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generations of these divergently selected lines revealed
that, in comparison to the low antibody line, the high
line produced antibodies at a more rapid rate and an
earlier age, had higher antibody responses to NDV
or infectious bursal disease virus (IBDV) vaccines,
increased phagocytosis and leukocyte proliferation,
but also had lower body weight gain and higher mor-
tality when challenged with IBDV and then APEC
(Heller et al., 1992; Yonash et al., 1996; Yonash, Leit-
ner et al., 2000; Pitcovski et al., 2001; Yunis, Ben-
David et al., 2002a). Together, the original selection
experiment and IBDV co-infection study suggest
that producing more antibodies post-vaccination was
beneficial when birds were later APEC-challenged,
but higher antibody levels in an acute response of
unvaccinated birds did not improve their disease
resistance (Leitner et al., 1992; Yunis, Ben-David
et al., 2002a).
Crossbred populations can also provide varied
phenotypes and genotypes for investigating genetic
control of APEC resistance. Reciprocal F1 crosses
between native Sinai chickens and a Leghorn popu-
lation revealed that the lower APEC-specific antibody
responses of the Leghorns were inherited by the
crossbred chicks (Heller et al., 1981). Multiple types
of crossbred progeny derived from four inbred
chicken lines followed patterns of relative resistance
to respiratory APEC and IBV co-infection that
demonstrated that this resistance is heritable (Bum-
stead et al., 1989). Additive genetic control of
APEC-specific antibody responses is supported by
the intermediate levels, between the high and low
antibody lines, that were seen in reciprocal F1 crosses
(Leitner et al., 1994; Yonash, Leitner et al., 2000), an
F4 intercross (Yunis et al., 2000; Yunis, Ben-David
et al., 2002a), and outcrosses with commercial broiler
breeders (Yunis et al., 2000; Yunis, Ben-David et al.,
2002b). Mortality due to natural exposure to infec-
tious disease was also higher in chicks from the com-
mercial outcrosses than the divergently selected lines
or their intercross (Yunis et al., 2000). Additionally,
there were high genetic correlations between anti-
body levels for APEC, IBDV, and NDV, which
suggests that divergent selection impacted general
control of antibody production, rather than genes
specific to the response to APEC (Yunis, Ben-David
et al., 2002b).
Genetic differences and associations
Studies to identify the genetic parameters and quanti-
tative trait loci (QTLs) associated with immune
response or resistance traits can help quantify and
increase understanding of the genetic control of dis-
ease resistance. QTLs are genomic regions, ranging
in size from individual markers to chromosomal sec-
tions, that are statistically associated with variation
in a phenotypic trait. Populations with natural vari-
ation in the relevant phenotypes and divergent selec-
tion lines that intentionally differ in these traits can
be used to estimate heritability (h2) and to generate
outbred or intercross populations suitable for map-
ping QTLs (Lamont, 1998). Narrow-sense h2 estimates
the contribution of additive genetics to the phenotypic
variance of the trait, but does not incorporate domi-
nance or epistatic effects. QTL associations identify
locations in linkage disequilibrium (LD) with the cau-
sative variants, but cannot directly determine the
genes responsible for variable resistance; mapping res-
olution of QTLs is also limited by the number of mar-
kers tested and the size of LD blocks in the population
used (Cheng & Lamont, 2020).
Only a few studies have examined the h2 of traits
related to APEC resistance, but these analyses agree
that there are low to moderate heritabilities for survi-
val and APEC-specific antibodies. One study used a
combination of commercial broilers and layers to esti-
mate h2 for antibody response to APEC vaccination at
0.25 ± 0.16 (Soller et al., 1981). In the first divergent
selection of broiler lines for APEC-specific antibody
responses, only realized heritability (hr
2) of antibody
level was assessed, with values of 0.67–0.72 indicating
successful selection (Pitcovski et al., 1987). The hr
2
values are calculated from the response of the trait
to selection and parental selection differentials and,
although hr
2 cannot be compared to narrow-sense
h2, these estimates indicate how effective selection
has been for the population. In the second divergent
selection for APEC-specific antibody responses, h2 of
antibody levels was calculated separately as 0.27 and
0.15, in the high and low lines, respectively; hr
2 was
also estimated as 0.23 and 0.32 in these lines (Leitner
et al., 1992). Additional estimates for h2 of antibody
levels ranged from 0.21 to 0.44 when birds from
these selection lines were vaccinated at different
days-of-age and antibodies measured at different
days-post-vaccination; the maximum h2 in the high
line (0.44 ± 0.18) was observed after early vaccination,
while the similar maximum in the low line (0.42 ±
0.17) was seen when birds were vaccinated 4 days
later, consistent with the different rates of immune
maturation in these lines (Yonash et al., 1996). In an
F2 population generated from brown layer lines diver-
gently selected for SRBC-specific antibodies, h2 for
antibody responses to APEC was estimated at 0.24 ±
0.08 (Siwek et al., 2002). As expected for a trait that
directly measures resistance, mortality of White Leg-
horn hens after APEC challenge had lower estimates
for h2 of 0.13 ± 0.07 (Sharifi et al., 2009) and 0.17 ±
0.07 (Cavero et al., 2009). Layers that died after chal-
lenge, however, had better breeding values for egg
weight and breaking strength (Cavero et al., 2009),
illustrating opposing genetic control of performance
and immune capabilities.
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Two QTL association studies using low density
microsatellite markers have been performed on
resource populations derived from the broiler lines
divergently selected for APEC-specific antibody
responses (Yonash et al., 2001; Yunis, Heller et al.,
2002). In the first experiment, vaccinated chicks
from an F2 cross and a backcross were challenged
with APEC, and DNA typing with 25 microsatellites
identified that marker ADL0298 on chromosome 5
was associated with the APEC-specific antibody
response (explaining 4.4% of variance) and survival
post-challenge (2.8% of variance) (Yonash et al.,
2001). In the second study, four types of crossbred
progeny were vaccinated for both APEC and Salmo-
nella enterica serovar Enteritidis (SE); the 50 individ-
uals from each progeny type with highest and lowest
antibody titres were used to identify 12 microsatel-
lites associated with APEC-specific antibody levels
(Yunis, Heller et al., 2002). The largest effect for
APEC was identified for marker MCW0083 on
chromosome 3, and six of these markers (including
MCW0083) were also significant for SE-specific anti-
bodies, indicating that these regions were involved in
general control of humoral responses. The ability to
identify significant QTL with a small number of
microsatellites suggests that there is appreciable gen-
etic control of antibody level and survival traits and
that future genome-wide association studies using
high-density genotyping platforms that assess tens
to hundreds of thousands of single nucleotide poly-
morphisms (SNPs) would be able to further define
regions of the genome contributing to APEC
resistance.
Candidate genes
Prior knowledge of the immune response can be used
to select candidate genes to target in association tests.
Because these genes have known immune functions,
any detected associations could be highly relevant to
disease resistance. However, because these analyses
typically focus on a small number of targets, most of
the genes responsible for variation in disease resist-
ance would be not be assayed. The population to be
tested is equally as important as the selection of appro-
priate genes, as there must be segregating DNA
sequence variants or variable expression levels in the
population for the gene-function association to be
detected, even if the gene is critical to disease resist-
ance (Cheng et al., 2013; Cheng & Lamont, 2020).
Most of the studies aiming to associate sequence
polymorphisms with APEC resistance have targeted
the region of the chicken genome known as the
major histocompatibility complex (MHC). The galli-
form MHC is a compact gene-rich region that con-
tains many genes critical for antigen processing and
presentation (such as MHC class I, class II, and
transporter associated with antigen processing genes
(TAPs)) as well as other aspects of the immune
response (Miller & Taylor, 2016). MHC serotyping
is commonly used to identify haplotypes within the
MHC, although genotyping is becoming more com-
mon. When serotyping broiler lines divergently
selected for antibody response to APEC and NDV
vaccines, the high antibody line had a high percen-
tage of the B5 haplotype, while B15 and B19 were fre-
quent in the low antibody line (Heller et al., 1991).
Serotyping of a commercial broiler breeder popu-
lation also revealed an association between MHC
haplotype and APEC-specific antibody levels, with
the highest levels in birds possessing at least one
copy of B21 (Heller et al., 1991). Conversely, MHC
haplotype did not affect lesion scores or bodyweight
changes after APEC challenge of White Leghorn
lines divergently selected for SRBC-specific antibody
responses (Dunnington et al., 1991). After sub-
cutaneous APEC challenge, a broiler breeder line, a
Leghorn line, and a broiler commercial population
all showed significantly higher cellulitis in the B21
than B13 haplotype, although severity of lesion scores
was not associated with the MHC (Macklin et al.,
2002, 2009). The opposite association was observed
after intratracheal APEC challenge of pure line
White Leghorn hens during lay; birds homozygous
for B21 had lower mortality than B21/B19 heterozy-
gotes (Cavero et al., 2009).
Five experiments investigated specific MHC genes
in broiler lines divergently selected for APEC-specific
antibody responses (Uni et al., 1993; Yonash et al.,
1994, 1999; Yonash, Heller et al., 2000; Lavi et al.,
2005). Using restriction fragment length polymorph-
ism (RFLP) analyses, associations with antibody levels
were detected for multiple MHC class IV (BG) bands
in the high and low antibody lines (Uni et al., 1993),
one MHC class I band and three bands for TAP2 in
an F2 cross (Yonash et al., 1999), and two MHC
class IV bands within a backcross (Yonash, Heller
et al., 2000). Along with the individual bands, RFLP
analyses also associated MHC class IV haplotype
with APEC-specific antibody levels and, in one
study, survival after APEC challenge (Uni et al.,
1993; Yonash et al., 1994; Yonash, Heller et al.,
2000). Sequencing of the α2 domain of the MHC
class I BF1 gene identified more polymorphisms
within the low antibody line than the high line (Lavi
et al., 2005). Five of the SNPs with significantly differ-
ent frequencies between the selection lines would
impact the peptide binding cleft and thus the antigen
presentation capabilities of the lines. Collectively,
these studies indicated that the MHC can influence
resistance to APEC, although further research is still
needed to determine which specific alleles of MHC
genes, such as BF1 or TAP2, are associated with a
more beneficial outcome after challenge with APEC.
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To investigate expression-level changes in candi-
date genes, studies have compared APEC-challenged
versus non-challenged birds or cell cultures. However,
while challenge versus control studies can demon-
strate that candidate genes are involved in the
response to APEC infection, they cannot provide evi-
dence that there is host genetic variation in the
response. Many of these studies investigated
expression of pro-inflammatory genes from two cyto-
kine families, the interleukins (ILs) and interferons
(IFNs). For example, a sub-acute APEC challenge of
turkeys increased expression of IL1B, IFNY, IL10 in
the lung, but reduced IL1B and generated a far greater
increase in anti-inflammatory IL10 in the liver
(Sadeyen et al., 2014). Exposure to APEC also
increased IL1B, IL6, IL8, and IL10 expression in
macrophage-like HD11 chicken cells (Peng et al.,
2018). APEC-induced up-regulation of IL1B and
IFNB increased further when HD11 cells were pre-
primed with IFNα (Garrido et al., 2018). Another
study investigated multiple important immune gene
families in the spleen, liver, and brain of ducks; after
challenge with APEC, these tissues down-regulated
MHC class II and four avian beta-defensins
(AvBDs), up-regulated MHC class I and AvBD2, and
had variable impacts on the toll-like receptors
(TLRs), including TLR2, TLR4, TLR5, and TLR15 (Li
et al., 2016). TLR15 has also been shown to be up-
regulated in chicken heterophils stimulated with
APEC (Nerren et al., 2010). Two of the cathelicidins
(CATHs), CATH2 and CATHB1, increased expression
in chicken macrophages challenged with APEC (Peng
et al., 2020). Exogenous CATH2 and CATHB1 can
mitigate APEC-induced up-regulation of pro-inflam-
matory cytokines by blocking TLR signalling path-
ways; this suggests that CATHs are not only
bactericidal, but could also prevent unnecessary
immune responses to the pathogens they kill (Coorens
et al., 2017; Peng et al., 2020). The cytokines, TLRs,
and antimicrobial genes that responded to APEC in
these studies could be targeted in future experiments
to determine if they have roles in controlling resist-
ance. This could include investigating whether
sequence or expression level variation in these genes
associates with in vivo resistance or whether exper-
iments that under- or over-express these genes change
in vitro resistance.
Functional genomics
Genome-wide identification of genes and pathways
involved in the host response and resistance to
APEC can be achieved by functional genomics tech-
niques. Effects on disease resistance can be found at
the RNA, protein, or metabolite level, and no prior
knowledge of involvement of the genes and pathways
in resistance is required (Cheng & Lamont, 2020).
However, the relative importance of the individual
genes and pathways must be validated in separate
experiments and, since the majority of “omic”-scale
studies use only a few individuals from experimental
populations or cell cultures, further research in com-
mercially relevant populations would be needed to
identify genetic variants useful for selection purposes.
A series of experiments measured transcriptomic
responses in various tissues of APEC-challenged com-
mercial broilers selected for extremes in total lesion
scores, allowing comparisons between challenged-
resistant, challenged-susceptible, and non-challenged
birds (Sandford et al., 2011; Nie et al., 2012; Sandford,
Orr, Li et al., 2012; Sandford, Orr, Shelby et al., 2012;
Sun et al., 2015a, 2015b, 2016, 2017). The first studies
utilized microarrays to detect differentially expressed
genes in the spleen (Sandford et al., 2011; Sandford,
Orr, Li et al., 2012) and peripheral blood leukocytes
(Sandford, Orr, Li et al., 2012; Sandford, Orr, Shelby
et al., 2012), which revealed that the majority of
changes occurred in the challenged-susceptible broi-
lers, but not the challenged-resistant broilers, when
compared to those that had not been challenged.
These changes in gene expression impacted the
AvBDs and the TLR, cytokine, and Jak-STAT signal-
ling pathways. Not limited to the probe sets on an
array, RNA-sequencing (RNA-seq) provided a more
complete picture of the transcriptomic responses to
APEC within the spleen (Nie et al., 2012), bone mar-
row (Sun et al., 2015b), bursa (Sun et al., 2015a),
and thymus (Sun et al., 2017). Thousands of differen-
tially expressed genes were identified by RNA-seq,
many more than by microarray, but the detected
responses of the primary immune tissues were similar
to the earlier studies in that most of the genes were
detected in comparisons of the challenged-susceptible
birds to the challenged-resistant or non-challenged
birds. The spleen was the only tissue in which there
were many genes with differential expression not
only in the challenged-susceptible broilers, but also
between the challenged-resistant and non-challenged
broilers. Functionally, the expression patterns from
each individual tissue and combined analyses pre-
dicted that APEC challenge would impact T cell recep-
tor, B cell receptor, TLR, NOD-like, and cytokine
signalling, as well as cell adhesion, cell cycle and
death, and lymphocyte proliferation and differen-
tiation in at least one tissue (Nie et al., 2012; Sun
et al., 2015a, 2015b, 2016, 2017; Sun & Li, 2019).
These studies demonstrated that broilers resistant to
APEC challenge were able to minimize infection,
and correspondingly lesions, without the systemic
transcriptional responses seen in the immune tissues
of the birds susceptible to challenge. This could indi-
cate that challenged-resistant birds had very rapid
expression changes that had already returned to
basal levels by the timepoints assayed, or that systemic
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responses were minimized due to better control of the
pathogen by local responses at the site of infection in
the lung.
These RNA-seq datasets have also been used to
illustrate that alterative splicing and nonsense-
mediated decay are involved in immune tissue
responses to APEC infection (Sun, 2017). The DNA
methylome of the spleen revealed a relatively small
number of changes in methylation status between
the challenged-susceptible, challenged-resistant, and
non-challenged broilers, but the methylation changes
with inverse mRNA expression changes included the
cytokine IL8 and cytokine receptors IL2RB and
IL1RAPL1 (Xu et al., 2014). Based on the function of
these immune genes, methylation changes could be
another mechanism to regulate inflammation. A
related study used miRNA-sequencing to identify 27
miRNAs in the spleen with differential expression
between the challenged-susceptible, challenged-resist-
ant, and non-challenged birds, which could play an
important role in regulating mRNA responses to
APEC (Jia et al., 2017).
Although the following studies did not compare
resistant and susceptible individuals, functional geno-
mics comparisons of APEC-challenged and non-chal-
lenged groups can elucidate mechanisms of immune
responses and pathways conserved across experiments.
However, like any challenge versus control study, the
results cannot reveal if there is genetic variation in
these host responses. Early transcriptome responses
in the tracheal epithelium after APEC challenge were
shown by RNA-seq to involve genes in TLR and cyto-
kine-cytokine receptor signalling, as well as the cell
cycle (Song et al., 2020). Interactions between APEC
O1:K1:H7 or O2:K1:H5 and lung phagocytes (hetero-
phils, macrophages, and dendritic cells) from CSF1R-
reporter transgenic chickens were investigated by cell
sorting and RNA-seq (Alber et al., 2020). Both strains
of APEC activated inflammatory and immune signal-
ling pathways in these immune cells, yet genes from
the aryl hydrocarbon receptor pathway, IL-17 and
STAT3 signalling, and heterophil recruitment path-
ways responded differently to APEC O2 than APEC
O1, illustrating that different APEC serotypes do not
necessarily induce the same host immune responses.
Serum metabolomics from White Leghorn chickens
co-infected with APEC and Mycoplasma gallisepticum
observed changes in arachidonic acid metabolism and
increased levels of leukotriene C4 (Wu et al., 2020),
while the lung transcriptome from the same exper-
iment identified a role for IL-17 signalling during co-
infection (Wu et al., 2019). Other experiments used
transcriptomics to measure responses to in vitro
APEC infection; an immune-focused microarray was
used on chicken monocyte-derived macrophages to
detect large changes in antimicrobial genes, cytokines,
and cytokine receptors (Lavrič et al., 2008), while
RNA-seq on chicken type II pneumocytes, epithelial
cells that regulate lung immunity, identified differential
expression in apoptosis, NF-κB, and cytokine signal-
ling pathways (Peng et al., 2019). The genes and path-
ways conserved across these studies could play
important roles in the host response to infection;
additional research using individuals that vary in
APEC resistance or in vitro under- and over-
expression assays is still necessary to determine if
these genes have sequence or expression level variation
that can impact disease resistance.
Future opportunities
Opportunities for research
Despite the many studies on the relationship between
host genetics and the outcome of APEC infections, as
summarized in this paper, much remains to be further
explored to gain the comprehensive understanding of
pathogen–host genetics interactions needed to
improve poultry health. To date, the range of pheno-
types that have been studied in response to APEC is
limited; therefore, it is important that more compre-
hensive assessments of the immune response be
made. Early studies focused on antibody levels,
which was appropriate for the technologies available
at the time. Now, readily available assays of cellular
responses and immunomodulators such as cytokines
can be added to studies, and the genotypic correlation
of those phenotypes with outcome of APEC infection
can be determined. As promising genetic selection cri-
teria are identified, it is crucial to determine that the
same beneficial genetic variants exist in the specific
population in which they will be applied and that
these variants have the same positive effects. Addition-
ally, the genetic relationships between the immune
response to APEC and production traits need to be
characterized so as to not compromise other impor-
tant traits in the process of enhancing response against
APEC.
Advances in technologies should be brought to bear
on elucidating the genetic control of host response to
APEC. The current availability of dense genotyping
platforms, as well as genotyping by sequencing, will
facilitate the fine-mapping of genetic loci with effects
on host response to APEC. This whole-genome fine-
mapping, when applied to populations of the appro-
priate size and structure, reduces the number of pos-
itional candidate genes located within identified QTL
regions. Transcriptome studies conducted to date on
APEC host responses are complicated by the hetero-
geneous cellular composition of the tested tissues.
Application of single-cell RNA-sequencing (scRNA-
seq) should be used to provide a finer understanding
of the roles of each cell type in the response to infec-
tion. A transcriptome study represents only a snapshot
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in time, and a full understanding of gene expression
should be expanded over the time of the response to
APEC and also encompass the various tissues of the
bird. As there is extensive genetic diversity between
APEC strains, the host transcriptional responses to
infection should be further assessed using multiple
strains possessing different virulence factors. Beyond
the genome and transcriptome, future studies should
characterize the proteomic and metabolomic changes
that occur in response to APEC. It is also important
to recognize that a focus on a single pathogen
(APEC) and the host ignores the myriad of other
microbes that comprise part of the environment of
the pathogen–host interaction. Thus, characterization
of the microbiome and its influence on the outcome of
APEC infections should be undertaken.
Studies of the whole genome or transcriptome or
other “omic”-scale studies may have their greatest
value in the generation of testable hypotheses. Are the
positional candidate genes identified in mapping or
association studies, or the genes and pathways revealed
in transcriptome studies, truly involved in the response
to APEC? These hypotheses should be tested by gener-
ating and studying targeted mutations in genes of inter-
est, by under- or over-expressing genes, by interrupting
pathways, and by producing transgenic birds for
research. Importantly, to adhere to the “3 Rs” principle
to reduce, refine, and replace the number of birds in
experiments, research should also be directed toward
determining in vitro assays that are highly correlated
with the outcome of in vivo pathogen-challenge studies.
The validated in vitro assays could then be used in
future studies. The caveat, of course, is that the com-
plexity of responses at the whole-animal level is very
difficult to fully recapitulate in vitro.
Opportunities for application
Despite the favourable outlook for control of certain
diseases by production of transgenic birds, that
approach is unlikely to be an effective strategy for com-
plete resistance to APEC because of the highly poly-
genic control of resistance. However, if certain
modulators of the innate immune system, such as cyto-
kines, or signalling genes in response pathways were
identified to play a crucial role in resistance, then
birds could potentially be modified to express higher
levels of beneficial proteins or to block or enhance
response pathways. These approaches might have the
benefit of improving outcomes to infections with a
broader set of pathogens than only APEC. Addition-
ally, greater knowledge of the genes and genetic path-
ways involved in response to APEC will help to guide
informed design of vaccines and other pharmaceutical
interventions to protect against disease.
With the verification of specific genes involved in
resistance to APEC, selection for increased frequency
of favourable alleles can be done in breeding popu-
lations. With the highly polygenic nature of the
response to APEC, however, whole-genomic selection
in the context of a breeding programme would likely
be a more effective approach than only targeting indi-
vidual genes. Genomic selection would require knowl-
edge of the effect of genomic regions on the traits of
interest, thus requiring initial pathogen-challenge
trials, as well as verifying the effects of these regions
with subsequent pathogen challenges at regular inter-
vals. Periodic pathogen-challenge trials would still be
needed if indicator traits are used for genomic selec-
tion instead of direct resistance traits, as it is necessary
to confirm that the high genetic correlation with APEC
resistance does not change across the generations.
As summarized in this paper, there is clear evidence
for genetic control of the response to APEC. However,
the estimated heritabilities of traits associated with the
host response and the results of genomic studies both
suggest that the genetic control is partial, complex and
highly polygenic. Thus, while genetic improvement
may play an important future role in enhancing resist-
ance to APEC, to achieve the highest level of protec-
tion, the genetic improvement must be part of a
comprehensive disease-control programme including
biosecurity, vaccination, and immunomodulation.
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